During the last twenty years DBD plasma actuators have been known by their ability for boundary layer flow control applications. However, their usefulness is not limited to this application field, they also present great utility for applications within the field of heat transfer, such as a way to improve the aerodynamic efficiency of film cooling of gas turbine blades, or de-icing and ice formation prevention. Nevertheless, there is a relative lack of information about DBD's thermal characteristics and its heat generation mechanisms. This happens due to the extremely high electric fields in the plasma region and consequent impossibility of applying intrusive measurement techniques. Against this background, this work describes the physical mechanisms behind the generation of heat associated to the DBD plasma actuators operation. An experimental technique, based on calorimetric principles, was devised in order to quantify the heat energy generated during the plasma actuators operation. The influence of the dielectric thickness, as well as the dielectric material, were also evaluated during this work. The results were exposed and discussed with the purpose of a better understanding of the heat generation mechanisms behind the operation of DBD plasma actuators.
Introduction
In recent years DBD plasma actuators have been a subject of interest for the worldwide scientific community [1] [2] [3] . Several studies have demonstrated the potential of these actuators in separation control [4], 5 wake control [5, 6] , aircraft noise reduction [7] , modification of velocity fluctuations [8, 9] , and boundary layer control [10] [11] [12] [13] . These devices have very attractive features including a very low mass, low power power supply. When the amplitude of the voltage applied to the exposed electrode is large enough, ionization of the air (plasma) occurs over the surface of 25 the dielectric, which in the presence of the electric field gradient produces a body force on the ambient air. Thus, the actuator induces a flow that draws air towards the surface of the actuator, and it accelerates this air downstream in a direction tangential to the Although the main applications of DBD plasma actuators are related to the field of flow control, these devices have also possible applications in the field of heat transfer, such as film cooling of turbine blades 35 and heat generation for de-icing, or ice formation prevention. Some studies have already been conducted showing film cooling enhancement obtained by the operation of plasma actuators. Roy and Wang [28] numerically tested a plasma actuator for film cool- 40 ing enhancement on a flat plate, while Yu et al. [29] studied film cooling performance for a cylindrical hole with plasma aerodynamic actuation. These studies demonstrated that plasma actuators allow to improve the film cooling effectiveness. However, the heat dis- 45 sipated during the plasma actuators operation affects negatively the film cooling performance. To improve the plasma actuators performance, in film cooling applications, it is strictly necessary to understand the heat generation mechanisms behind their operation.
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Later the heat generation can be reduced in order to optimize the film cooling effectiveness. Regarding de-icing, or anti-icing applications, two recent studies were performed. In the work conducted by Meng et al. [30] , the effects of plasma actuation on de-icing 55 and anti-icing were studied by surface temperature measurements in quiescent air and icing wind tunnel, whereas in the study of Van den Broecke [31] , nano second DBD plasma actuators were used for de-icing purposes. Both studies showed that plasma 60 actuators are effective in de-icing and anti-icing applications. Conversely to film cooling applications, for de-icing and anti-icing purposes the objective is to increase the heat generated during the plasma actuators operation and, consequently, optimize the de-65 icing process. For this purpose it is first necessary to understand the heat generation mechanisms present in the plasma actuation.
Despite of the importance of plasma actuators for applications within the heat transfer field currently 70 the thermal characteristics of DBDs are not completely known, as a result of the complex nature of plasma formation, which makes difficult the measurement of the various parameters involved. According to Tirumala et al. [32] due to the extremely 75 high electric fields in the plasma region, and the impossibility of applying intrusive measurement techniques, the two measurement techniques that can be used are infra-red thermography and emission spectroscopy. However, in the present paper, we will 80 present an alternative integral experimental technique which makes possible to quantify the fraction of power dissipated as heat.
Still there have been studies carried out to better understand the thermal behaviour of DBD plasma 85 actuators. Roth et al. [33] conducted a study where they presented data on the physics and phenomenology of plasma actuators. They explained that the power consumed by plasma actuators is composed of the power dissipated by the surface discharge and 90 the thermal dielectric losses. They estimated the power losses in a plasma actuator considering that the power losses in the dielectric increase linearly with the voltage frequency and also with the square of the voltage amplitude. The principle used to deter-95 mine the thermal power dissipated in the dielectric, presented in the Roth's study, will be also used in the present work. However, we will also verify that this thermal power is just a small portion of the total thermal power released during the actuators opera-100 tion. Dong et al. [34] measured the influence of the frequency and applied voltage level on the dissipated 2 power. They used an empirical formula, similar to the formula used by Roth et al. [33] , to estimate the dissipated power and the energy loss in the dielec-tric. Plasma temperatures were also evaluated using spectroscopy emission measurements. The electrical power was measured for two dielectrics, epoxy and Teflon, for different thicknesses of the dielectric, and under various operating conditions (applied voltages 110 and frequencies). They found that most of the active power is injected in the plasma, however, a large part of the remaining active power is directly transferred into the dielectric panel. Stanfield et al. [35] also conducted spectroscopy measurements of a DBD 115 actuator in order to obtain the rotational temperature of the gas above the grounded electrode. They observed that the rotational temperatures of the gas decreased in the induced flow direction and increased with increasing voltage. Jukes et al. [36] observed 120 the temporal and spatial structure of the plasma actuator induced flow. They used thermal imagery to estimate the surface temperature of the dielectric sheet, during plasma operation, and deduced an analytical formula to estimate the plasma gas tem-125 perature. Later on, Joussot et al. [37] performed a study where they used the Jukess analytical formula and concluded that this formula is not accurate enough to estimate the plasma gas temperature. In Jussot's study [37] the authors used infra-red ther-130 mography to determine the temperature of the dielectric surface with the plasma on, and after switching off the discharge. They concluded that the average surface temperature increased linearly with the electrical power, as it increased with the frequency 135 and with the square of the voltage amplitude. The work performed by Erfani et al. [38] focused on the effect of actuator surface temperature and its aerodynamic performance. They conducted experiments with DBD plasma actuators applied in a surface at 140 different temperatures (ambient temperature, −40 0 C and 120 0 C). The authors found that in a hotter actuator surface its possible to achieve higher velocities and higher body forces by consuming a slightly higher power. Tirumala et al. [32] also conducted 145 infra-red thermography measurements on the surface of a thick, dielectric based, DBD actuator and characterized it against various electrical and geometrical parameters. They studied the temperature distribution and proposed an hypothesis on the mechanism of 150 dielectric heating and a relationship between dielectric surface temperature and gas temperature. Aberoumand et al. [39] numerically studied the impact of different arrangements of dielectric barrier discharge plasma actuators on temperature field in a channel 155 flow. The actuators were tested under an incompressible flow regime with a constant entrance Reynolds number. The authors verified the importance of heat generated by DBD plasma actuators operation and concluded that plasma actuators can be considered 160 as beneficial instruments for increasing the temperature of the fluid. Furthermore, the authors have evidenced that the increase in temperature can be considerable and noted for related applications.
Recently Benmoussa et al. [40] conducted numer-165 ical investigations of the gas heating phenomenon in dielectric barrier discharges due to the joule heating effect for Ne-Xe gas mixtures. They observed that the gas temperature, close to the vicinity of the actuator, increase due to the high values of the power deposited 170 in this region. They tested two different waveform shapes and showed that the gas temperature in DBD excited with rectangular applied voltage waveform reached higher values than with the discharge created by a sinusoidal excitation. Rodrigues et al.
[41] con-175 ducted surface temperature measurements on actuators with different dielectric thicknesses and different dielectric materials under quiescent conditions. They verified that the temperature distribution is similar for the different test cases however the temperature 180 levels change with the dielectric thickness and also with the type of dielectric material.
Further information can be found in the reviews of Bernard and Moreau [24] and Kotsonis [42] which compile the most relevant findings about DBD 185 plasma actuators.
The present work aims to explain the heat generation mechanisms of DBD plasma actuators and quantify the heat generated by the plasma actuation. The total power consumed and the fraction of the con-190 sumed power dissipated as heat energy are some of the parameters with great interest in any heat transfer application of DBD plasma actuators [32] . So, in the present work, these parameters are herein ob-tained by experimental measurements and discussed.
An innovative experimental approach to quantify the thermal power generated by DBD plasma actuators is also described and justified. We found results for different dielectric layer materials and thicknesses. As we saw during the literature review presented above,
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the studies conducted about thermal characteristics of plasma actuators are focused on the dielectric temperatures distribution. The present study is focused on the quantification of energy, which is released in a form of heat providing a deep explanation about the 205 heat generation mechanisms of DBD plasma actuators.
Experimental Setup and Procedure
An experimental setup was developed in order to operate the DBD plasma actuators and determine 210 the heat generated during their actuation. The electrodes of DBD plasma actuators were made of copper tape and were asymmetrically mounted on either side of the dielectric, with no gap between them. The dimensions of the exposed electrode were 10mm 215 width, 80mm length and 80μm thickness. The covered electrode had the same length and thickness of the exposed electrode, and 20mm width. The covered electrode was encapsulated with a thin Kapton layer which was also used to hold the wire to the 220 covered electrode. In the present study we tested actuators with dielectric layer made of Kapton with different dielectric thicknesses and also actuators made of Polyisobutylene rubber, Polylactic Acid (PLA) and Acrylic Silicon, with same dielectric thickness of 225 1mm. Plasma actuators were supplied by a high voltage and high frequency power supply, model PVM 500, manufactured by Information Unlimited, Inc. This power supply can produce voltages up to 20kV AC peak-to-peak with a frequency from 20kHz to 230 50kHz and at a current of 10mA, so that the power ranges up to 200W .
Electrical Characterization
For power consumption analysis, the voltage waveform was measured by a PicoScope model 5443A.
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The PicoScope is an equipment that turns a normal computer into an oscilloscope. It is usually used in automotive diagnostics for fault-detection in sensors, actuators and electronic circuits. It allows the measurement of high voltage and current waveforms 240 present in the system. Along with the PicoScope, a probe named Secondary Ignition Pickup allowed to measure the voltage and the frequency of the signal. This tool allows to make the measurements without cutting, disconnecting, or stripping out the wire. In 245 order to obtain the current waveform a metal film resistor was placed in series with the plasma actuator. The resistor was connected between the covered electrode and the ground of the power source. The current trough the resistor was obtained from 250 the voltage U r measured across the resistor, by using Ohms law (I r = U r /R). Applying this method the voltage across the resistor is low enough to be measured by conventional instruments. Since the actuator was connected in series with the resistor the 255 current trough the actuator is equal to the current trough the resistor (I a = I r ). The metal film resistor used in the experiments has 100Ω of impedance with 1% of tolerance. Therefore, the impedance of the resistor is relatively low compared with the impedance 260 of the actuator, not affecting its operation. This type of resistor was chosen because its impedance remains constant, even under temperature variations. The resistor used here has a temperature coefficient of 50ppm, which means that the resistor impedance only 265 varies 0.00005Ω/ O C. Therefore, this variation can be neglected in the power consumption analysis. The voltage and current waveforms are recorded and the instantaneous power is computed via point-by-point multiplication of the voltage and current data values, 270 as described in,
Where U (t) is the input voltage of the actuator, I(t) is the current and P (t) is the instantaneous power. By this way, the average power of n periods (T ) is obtained by,
To fulfil the plasma actuator electrical characterization, Lissajous figures were drawn and fully inter-preted. In order to represent the Lissajous figures a capacitor, with known capacitance, was placed in series between the covered electrode and the ground.
The capacitor used was an E222M which has 2, 2nF of capacitance, 20% of tolerance and a rated voltage of 2kV . The capacitor was chosen with a large value of Cm comparatively to the capacitance of the actuator without plasma discharge. By this way, the 285 voltage drop across the capacitor is adequately low to be measured by conventional instruments. The instantaneous charge of the capacitor is given by,
Where Cm is the capacitor capacitance and Um is the voltage across the capacitor. The current trough 290 the capacitor is given by,
Once the capacitor is connected in series with the actuator, we know that the current trough the capacitor is equal to the current trough the actuator (Im = Ia). So, the instantaneous power dissipated 295 by the actuator can be obtained by equation,
Where Ua is the voltage across the actuator and Ia is the current trough the actuator. The average power over n periods T is given by,
For one cycle we have,
By eq. 7, we have that the instantaneous capacitor charge and the instantaneous actuator voltage, plotted against each other, generate a Lissajous curve, and the area inside the closed Lissajous curve divided by the period gives the actuator power consumption. 
Quantification of the Generated Heat
In order to quantify the heat released by plasma actuators to the surrounding air, an experimental technique based on calorimetric principles was devised. In this technique the heat released by the plasma ac-310 tuators was quantified by using a device, developed in the present work, which consists in a pipe with a fan at the inlet to provide a constant air flow (figure 2).
The actuator is placed inside the pipe through a 315 lateral opening which is closed during the experiments. The pipe is coated by a layer of high quality cork with 3mm thickness which has a very low thermal conductivity (κ = 0.04W/mK) and prevent possible heat dissipation trough the wall of the pipe. 320 The pipe used in this experiment presents a diameter of 4.3cm and a length of 21cm. The inlet of the pipe contains a "Sunon" fan, model:ME40101V 1 − 000U − A99 with dimensions 40 × 40 × 10mm, which works at 12 Volt DC and produces a constant air 325 flow of 13.6m
3 /h. Thus we have an air flow velocity of 2.6m/s (this velocity was confirmed by anemometer measurements) and the Reynolds number of the air flow is 7397 which means that we are quantifying the heat transfer in turbulent conditions. In our ex-330 periments these conditions are essential because they provide a higher heat transfer coefficient allowing a faster heat transfer process. During the experiment the temperature of the air flow is recorded at the outlet (at a 6cm distance from the plasma actuator) 335 by means of a thermocouple, K type, with 2m cable length, a temperature range of −40 0 C to 1200 0 C, and a time response of 0.1s. The thermocouple is connected to a thermo-booster pack coupled to a microcontroller TI Launchpad model MSP EXP430G2. 340 The microcontroller is connected to the computer which makes the data acquisition of the thermocouples trough MatLab software.
To perform the experiments, the fan is turned on before the actuator operation and a stabilization time 345 of 10s is considered to ensure the stabilization of the air flow temperature. Then the temperature is recorded during 30s (initial temperature) and after that the plasma actuator is ignited. The air flow temperature at the outlet is continuously monitored and 350 as soon as it stabilizes it is recorded during 30s (final temperature). Considering the fundamental calorimetric law we know that, for an isobaric process, the heat energy transferred to a body is given by the equation:
Where m is the body mass, C p is the specific heat at constant pressure, and ΔT is the temperature variation. In our specific case, the thermal energy released by the actuator will be transferred to the air flow. So, applying the fundamental calorimetric law, 360 and substituting the mass by the mass flow rate (ṁ), we obtain the calorific energy transferred per second which actually is the thermal power dissipated by the actuator. The mass flow rate of air can be obtained by the density and air flow rate (ṁ = ρ air .φ) there-365 fore the thermal power is given by,
Electromagnetic Interference Mitigation
The extremely high electric field in the plasma region interferes with the thermocouples disabling the measurement of the temperature. This issue 370 was solved making possible the temperature measurements. The thermocouple cables were completely shielded with aluminium foil which was grounded. The thermocouple hot junction was also shielded with a special small box made of copper sheet, without the 375 frontal and back sides allowing the passage of the air flow trough it and making sure that the temperature measured by the thermocouple is equal to the temperature in the surrounding area. The microcontroller was also placed in a box shielded by aluminium foil 380 and this box was placed at about 1.5m of distance from the actuator. This distance was found to be the necessary distance to avoid electromagnetic interference in the microcontroller operation. In addition, the signal measured by the thermocouple was filtered 385 by means of a low-pass filter with a cut-off frequency in the order of 20kHz.
Verification of the Experimental Method Accuracy
Before using this technique for heat generation 390 quantification in plasma actuators we performed a verification in order to ensure that the results obtained by this experimental method are accurate. This verification was made using an electric heater with 10cm length. The heater was placed inside the air flow calorimeter (in the same position that the plasma actuators where posteriorly tested) and the thermal power generated by the heater was quantified by using the calorimetric method. Since in a heater the input power is completely dissipated by 400 Joule effect, the input power was measured and correlated with the results obtained by the calorimetric experiments. This validation was made for different voltage levels and the obtained results are presented in figure 3 405 The experimental results presented in the graph were obtained by averaging 5 tests at same applied voltage. We verified that if we perform only one experiment the obtained results are not accurate, but by averaging 5 experiments at same applied voltage 410 the error associated to this experimental procedure is reduced. By this way the relative error associated to the experiment is less than 10% which indicates a good accuracy of the results.
Results and Discussion
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During this work we realised that heat generation in DBD plasma actuators is largely influenced by the characteristics of the dielectric layer. Then, in the following results, we explain the influence of the dielectric material and thickness. First we present an 420 electrical characterization of the different actuators tested. Later we quantify the thermal power generated by different plasma actuators operating at different voltage levels and then we provide a physical explanation, based on the experimental results 425 otained, about the heat generation mechanisms in DBD plasma actuators.
Electrical Characterization
The power consumption of DBD plasma actuators was computed by using the electric current method. 430 The voltage and current waveforms were recorded and power consumption was obtained by equation 2. To obtain more accurate results the power consumption was computed over 12 ac voltage cycles. Figure 4 shows typical current and voltage waveforms 435 of a DBD plasma actuator. The current and voltage waveforms were acquired with a sampling rate of 125MS/s and a vertical resolution of 14 bits.
The voltage and current waveforms present a sinusoidal shape, however, the current waveform con-440 tains a series of high-amplitude spikes. These spikes are the result of each micro-discharge that leads to a fast electrical impedance change within the actuator. Therefore, we can observe current spikes two times per each current cycle, at the same time that occurs 445 the plasma discharge. As expected, the current and voltage signals are approximately 90 0 out of phase, with the current leading the voltage.
The electric charge method was applied in order to compute the charge of the plasma actuator. Plotting 450 the charge against the applied voltage we obtain the Lissajous curves. Figure 5 shows the experimental Lissajous curves obtained for a DBD plasma actuator at different input voltages.
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The Lissajous figures show the evolution of the actuator charge during the AC voltage cycle. As shown in figure 5 the analysis of these cyclograms provides figure 5 by the points ABCD. As explained in Mei et al. [43] the line segments BC and DA correspond to the discharge-off phase and their slopes provide the cold capacitance C cold of the actuator. On the other hand the line segments AB and CD 465 correspond to the discharge-on, so then the slopes of these lines provide the actuator effective capacitance C ef f . The distance between the two points in which the parallelogram intersects the x-axis is equal to twice the breakdown voltage. These parameters 470 obtained by the analysis of the Lissajous curves are compiled in the table 1 Looking to the parameters presented in table 1 , we see that plasma actuator capacitances are lower for actuators with thicker dielectrics. This is in accor-475 dance with the typical behaviour of a capacitor whose capacitance decreases when the distance between the electrodes is increased. As expected the breakdown voltage increase with the increasing of the dielectric thickness, depending also on the dielectric material 480 used.
Physical Mechanisms and Heat Generation Quantification
During the present work we were able to understand that the total heat released during the plasma 485 actuators operation is generated by two main mechanisms based on dielectric heating and gas heating. The total heat generated was quantified by the experimental procedure explained previously in section 2.2. A parcel of the total thermal power results from 490 the power losses in the dielectric. Following Kraus [44] and Roth et al. [33] the parcel of thermal power originated in the dielectric can be obtained by:
Where U is the voltage f is the frequency, A is the area, d is the distance between the electrodes, R is 495 the relative permittivity of dielectric, 0 is the permittivity of vacuum and tan(δ) is the dielectric loss tangent or dissipation factor. This analytical method implies that the material used in the dielectric layer is a good insulator, with a low dissipation factor. 
Heat Generation Without Plasma Formation
In a first approach, we studied the DBD plasma actuators operation without plasma discharge. For that purpose, the actuators were analysed operating at a range of voltages between 1kV pp and 3.5kV pp.
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This range was considered because it includes the voltage levels which are not high enough to generate plasma, and the minimum voltage levels needed to ignite the plasma discharge. The active power applied to the plasma actuators was measured and the 510 power dissipated in dielectric heating was estimated trough equation 10. For Kapton it was considered the tabulated values for dielectric permittivity of 3.5 and tangent loss of 0.002 [45] . Besides Kapton, three different dielectric materials were studied: Polylactic 515 Acid (PLA), Poly-Isobutilene (PIB) Rubber and Acetoxy Silicone. The tabulated values of these materials considered for dielectric thermal power estimation were: Polylactic Acid, dielectric permittivity of 3.2 and tangent loss of 0.0035 [46] ; Poly-Isobutylene Rub-520 ber, dielectric permittivity of 2.82 and tangent loss of 0.0015 (following fabricator informations); Acetoxy Silicone, dielectric permittivity of 3.6 and tangent loss of 0.0021 [47] . Figure 6 shows the results obtained for actuators made of Kapton with different di-525 electric thicknesses and actuators made of PLA, PIB rubber and Silicone with 1mm thickness. These results were obtained for an applied frequency of 24kHz and the uncertainty of the active power measurement is about 1%.
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In figure 6 we see that for lower input voltages (up to 2kV pp) the active power is almost equal to the thermal power dissipated in the dielectric. This happens because, at these voltage levels, there is no plasma formation and the actuator does not trans-535 fer momentum to the surrounding air. So the active power applied to the actuator is completely converted in dielectric heating. For voltages closer to the breakdown voltage the active power departs from the power dissipated in dielectric. This indicates that al-540 though the plasma is still not visible, the ignition of the discharge is starting. The ionization of the air starts and therefore a portion of the consumed power is spent in gas heating and electron collisions, while the other portion is transferred to the adjacent air, 545 accelerating it. This phenomena is observed in figure  6 for any actuator tested. However, depending on the thickness and type of dielectric material, the ignition of the plasma occurs at different input voltages. Notice that the actuator with a dielectric layer made of 550 0.3mm kapton present a faster exponential evolution than the remaining actuators. As we saw in the electrical characterization section, plasma actuators with thin dielectric layers present lower breakdown voltage than actuators with thick dielectric layers. Thus, in 555 thin actuators the discharge ignites for lower voltage levels and therefore they present a faster exponential growth than actuators with thicker dielectrics. In the case of the PLA actuator, even for an applied voltage of 3.5kV pp the input power is still completely 560 consumed in dielectric. The active power only becomes higher than the power dissipated in dielectric for voltages higher than 3.5kV pp. This happens because it has a dielectric dissipation factor higher than the other tested materials so, the portion of heat gen-565 erated in dielectric is more significant than in the remaining actuators. An opposite behaviour was observed in the PIB Rubber actuator, which has a lower dielectric dissipation factor and therefore the active power departs from the thermal dielectric power for 570 voltages higher than 1.5kV pp.
(a) 0.3mm Kapton
(e) 1mm Polylactic Acid
(f) 1mm Poly-Isobutylene Rubber
(g) 1mm Acetoxy Silicone 
Total Heat Generation Quantification
In a second approach, DBD plasma actuators were studied at voltages above the breakdown voltage. In this operation regime there is plasma formation so 575 then, the total heat released by the actuator is provided from dielectric heating and gas heating. The total thermal power generated by the actuator was obtained experimentally trough the air flow calorimetric technique. Figure 7 shows the results obtained 580 for actuators made of Kapton with different dielectric thicknesses, at the same frequency of 24kHz.
From analysis of figure 7 we realised that the thermal power originated in dielectric represents just a small portion of the total thermal power released during the plasma actuator operation. The actuators with thicker dielectrics (0.6mm , 0.84mm and 1.02mm of thickness) show a similar behaviour between them in terms of thermal power released. The power converted in dielectric heating represents less 590 than 10% of the active power and this percentage decreases with the growth of the input voltage. The majority of the thermal power released by the actuator comes from the gas heating being about 70% to 85% of the active power. The actuator with the thinnest 595 dielectric (0.3mm thickness) presents a slightly different behaviour. Similarly to the remaining Kapton actuators the power consumed in dielectric heating is less than 10% of the active power and this percentage decreases with the growth of the input voltage. But, 600 in terms of the gas heating generated during the operation, we verified that it varies between 40% to 65% of the active power. Since the dielectric heating represents less than 10% of the active power, the thermal power generated by gas heating has a direct influence 605 on the total thermal power behaviour. Then, in the actuator with thinnest dielectric (0.3mm thickness) 45% to 70% of the active power is released in the form of heat, and in the remaining test cases (0.6mm , 0.84mm and 1.02mm thickness) the percentage of 610 active power converted in heat is even higher, being 75% to 95% of the active power. Although the thinnest actuator presents a lower percentage of active power converted in heat, it presents high values of thermal power released to the adjacent airflow (for 615 the same applied voltage). This is in accordance with the results presented in Rodrigues et al. [41] , where the authors verified that, at the same applied voltage, the temperature levels are higher for thin dielectrics.
We verified that the percentage of active power 620 converted in heat is lower in actuators with thin dielectrics therefore, we deduce that the percentage of power used to accelerate the adjacent flow in actuators with thin dielectrics is higher than in actuators with thick dielectrics. This evidence is in accordance 625 with the works of Thomas et al. [48] , Dong et al. [34] and Forte et al., [49] in which the authors verified, by velocity measurements, that the induced velocity at same applied voltage is higher in actuators with thin dielectrics.
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The total thermal power generated in plasma actuators with different dielectric materials was also studied. Figure 8 presents the results obtained for actuators made of Polylactic Acid, Poly-Isobutylene Rubber and Acetoxy Silicone with same dielectric thick-635 ness (1mm) and operating at a frequency of 24kHz. Regarding the power generated by dielectric heating the behaviour of the actuators tested with different dielectric materials is very similar to the behaviour of Kapton actuators. The power converted in dielec-640 tric heating represents just a small percentage of the active power and this percentage decreases with the growth of the input voltage. In the actuators made of Silicone and PIB rubber the dielectric heating is less than 10% of the active power and in the PLA 645 actuator it is less than 12% of the active power. In terms of total thermal power generated, the PLA actuator and the Silicon actuator present a production of heat similar to the 1.02mm Kapton actuator, being that 75% to 95% of the active power is converted 650 in heat. However, at same input voltages, the Silicon actuator presents lower consumed power and therefore lower values of total thermal power. The PIB rubber actuator was found to be the actuator with lower thermal power production which makes sense 655 because, considering the tested materials, it has the lowest dielectric dissipation factor. From the analysis of figure 8 we verified that the total thermal power released by the PIB rubber actuator varies between 50% to 60% of the active power.
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As we see in table 2, in general, plasma actuators present a good ability for heat production. In terms of thickness, we found that the use of thin dielectrics reduces the heat generation efficiency of plasma actuators, while the use of thicker dielectrics allow to 665 achieve high heat production efficiencies. The dielectric layer material also present an important role on the heat generation efficiency. For actuators with 1mm of dielectric thickness we found that Kapton, PLA and Silicon are dielectrics which confers to the 670 actuator high heat generation efficiencies. The average heat generation efficiencies founded for thick actuators made of these dielectrics (Kapton, PLA and Silicon) are comprised in a range of 80% − 90%. In contrast, we found that the use of PIB rubber, as 675 dielectric layer, implies a reduction on the heat generation efficiency of the plasma actuator, presenting an average heat generation efficiency of about 50%.
In the present study we verified that the type of dielectric material has a direct influence on the heat 680 generation efficiency of the plasma actuator. The results indicate that the use of dielectrics with low dielectric permittivity, such as PIB rubber ( = 2.82), leads to a lower heat generation efficiency while dielectric materials with higher dielectric permittivity, 685 such as Kapton ( = 3.5), PLA ( = 3.2) and Silicon ( = 3.6), lead to a higher heat generation efficiency. Our results also showed that the dielectric dissipation factor has a great influence on the heat dissipated by dielectric hysteresis phenomenon, but its impact is 690 not reflected on the total thermal power, because al-
(c) Acetoxy Silicone obtained for them was very similar. Thus we may conclude that the dielectric permittivity of the material has a significant impact on the heat generation efficiency of plasma actuators while the dissipation factor influence is not reflected on the total thermal 700 power produced.
Considering the possible applications of DBD plasma actuators in the field of heat transfer, we concluded that actuators with thin dielectric layers are the best option for applications in which the genera-705 tion of heat is undesirable, such as film cooling applications. On the other hand, in de-icing and anti-icing applications the heat generated by plasma actuators is essential and therefore thick dielectrics may be used because they present higher heat generation efficien-710 cies. The dielectric material of the plasma actuator has also a significant influence on the heat generation efficiency. We verified that actuators made favour the heat generation during the plasma operation. Conversely, the PIB rubber actuator presents the desirable behaviour for film cooling applications, since during its operation just about 50% of the active power is converted in thermal power.
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As explained in section 2.2 we are quantifying the heat transfer in turbulent conditions. As explained in the study of Joussot et al. [37] the external flow presents an important role on the dielectric surface temperature. The external flow increases the heat 725 transfer coefficient and therefore the dielectric surface temperature will be lower than in quiescent conditions. By the same way, in turbulence conditions the air flow velocities are higher, so the dielectric surface temperature will be lower than in laminar condi-730 tions. The thermal power transferred to the external flow will present an inverse behaviour of the surface temperature, because when we increase the velocity of the external flow we increase the heat transfer between the actuator and the external flow. So, in the-735 ory the thermal power dissipated to the flow describes an inverse behaviour to the dielectric surface temperature and experiments in laminar flow conditions would provide us lower thermal power rates.
Heat Generation Mechanisms in DBD Plasma 740
Actuators During the present work we understood that there are two main mechanisms responsible for heat generation in DBD's: the dielectric heat generation mechanism and the gas heat generation mechanism. The 745 dielectric heating occurs due to the dielectric hysteresis phenomenon. In dielectrics, considered good insulators, the DC conduction current can be negligible. Yet, an appreciable AC current, in phase with the applied field must be considered due to the di-750 electric hysteresis. The dielectric hysteresis is a similar phenomenon to the hysteresis found in ferromagnetic materials. Due to this effect dielectric materials may consume considerable energy in alternating fields, which is lost in a form of heat.
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When the input voltage of DBD actuators is not high enough to originate plasma discharge, the power consumed by the actuators is completely converted in dielectric heating due to this phenomenon. When there is plasma discharge the dielectric heating is just 760 a parcel of the total thermal power released by the actuator. Increasing the input voltage the dielectric heating phenomenon loses it significance and the percentage of thermal power generated in the dielectric decreases. When the actuator operates at voltages 765 above the breakdown voltage, the main mechanism of heat generation is the gas heating. The gas heating is originated by electron elastic collisions, rotational and vibrational excitation, ion-neutral molecule collisions and thermal energy transferred from electrons 770 to neutral particles. The gas heating is responsible by the major parcel of thermal power generated by DBD actuators, representing more than 85% of the total thermal power.
Conclusions
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In the present work the thermal behaviour of different plasma actuators was studied with emphasis on the influence of the dielectric thickness and dielectric material. An air flow calorimetric technique was presented and explained, and its ability for ther-780 mal power quantification was demonstrated. The heat released by DBD actuators operation is provided by two main sources: dielectric heating and gas 14 heating. The heat in dielectric is originated due to the dielectric hysteresis phenomenon which leads to 785 the consumption of considerable energy in a form of heat. The gas heating is originated by electron elastic collisions, rotational and vibrational excitation, ionneutral molecule collisions and thermal energy transferred from electrons to neutral particles. The exper-
790
imental results showed that when the actuator operates at voltages lower than the breakdown voltage, the power consumed by the actuator is completely converted in heat due to the dielectric hysteresis effect. When plasma actuators are operating above the 795 breakdown voltage, the active power is converted in dielectric heating, gas heating and momentum which is transferred to the surrounding air. For voltages above the breakdown voltage, the gas heating is responsible for the majority of the thermal power pro-800 duced by the actuator. The portion of thermal power originated from the dielectric heating is more significant for voltages near the breakdown voltage and it looses its significance when we increase the input voltage. We also verified that the type of dielectric 805 material has a direct influence on the heat generation efficiency of the plasma actuator. We concluded that the dielectric permittivity of the material has a significant impact on the heat generation efficiency of plasma actuators while the dissipation factor in-810 fluence is not reflected on the total thermal power produced.
The present study allowed to understand the physical mechanisms behind the plasma actuators operation providing important information for their appli-815 cation in the heat transfer field. From the analysis of actuators with different dielectric thicknesses we concluded that plasma actuators with thin dielectrics present a lower percentage of active power converted in heat, therefore they are suitable for applications 820 in which the heat generation is undesirable. On the other hand, plasma actuators with thick dielectrics favour the heat generation during the plasma actuation thus, they are suitable for applications in which the heat generation is essential. We also verified 825 that the choice of the dielectric material should be done considering the type of heat transfer application. From the different dielectric materials tested, we verified that PLA and Kapton actuators present a high thermal power generation, which makes them 830 suitable for applications involving heat production. The PIB rubber actuator demonstrated to have an opposite behaviour. Only half of the active power is released in the form of heat which indicates that this actuator is appropriate for applications which require 835 minimized heat production. and by FCT 
